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Abstract
Background: Inconsistent associations of neighbourhood walkability with adults’ body weight have been reported.
Most studies examining the relationships of walkability and adiposity are cross-sectional in design. We examined
the longitudinal relationships of two walkability indices – conventional walkability and space syntax walkability, and
their individual components, with weight change among adults over four years.
Methods: Data were from the Physical Activity in Localities and Community study in Adelaide, Australia. In 2003–
2004, 2650 adults living in 154 Census Collection Districts (CCDs) returned baseline questionnaires; in 2007–2008,
the follow-up survey was completed by 1098. Participants reported their weight at baseline and at follow-up.
Neighbourhood walkability indices were calculated using geographic information systems and space syntax
software. Linear marginal models using generalized estimating equations with robust standard errors were fitted to
examine associations of the two walkability indices and their individual components with the weight at follow-up,
adjusting for baseline weight, socio-demographic variables, and spatial clustering at the level of CCD.
Results: The overall mean weight gain over four years was 1.5 kg. The two walkability indices were closely
correlated (r = 0.76, p < 0.01). No significant associations were found between the overall neighbourhood walkability
indices and weight change. Among walkability components, there was a marginally significant negative association
between space syntax measure of street integration and weight change: one standard deviation increment in street
integration was associated with 0.31 kg less weight gain (p = 0.09).
Conclusions: Using a prospective study design and a novel space-syntax based measure of walkability, we were
not able to identify relationships between neighbourhood walkability with weight gain. This is consistent with
other inconclusive findings on the built environment and obesity. Research on the built environment and adults’
weight gain may need to consider not just local environments but also a larger scale environment within a city or
workplace environment in order to capture multiple behaviours relevant to weight gain.
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Introduction
Despite the efforts to modify individual level factors that
influence physical activity and diets, little progress has
been made in reducing obesity. For example, the rate of
obesity has been more than doubled since 1980 [1]. A
multi-level approach that encompasses individual, social,
environmental, and policy dimensions is needed to
effectively address obesity [2]. There is an increasing
interest in exploring the role of the built environment
on obesity over the past decade [3, 4]. The built environ-
ment would be postulated to influence obesity at the
population level by providing residents with opportun-
ities to be more physically active [5, 6].
It is possible to hypothesize that neighbourhood walk-
ability is related to weight gain as studies have consist-
ently shown associations of this construct with physical
activity. The walkability index consisting of four compo-
nents (net residential density, intersection density, land
use mix, and net retail area ratio) has been found
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associated with physical activity in countries such as the
USA [7], Australia [8], Canada [9], and Belgium [10].
However, a recent review showed that less than half of
the studies examining the relationships between walk-
ability and weight status found significant associations
[4]. In addition, most studies examining the relationships
of walkability and obesity have been cross-sectional in
design [11, 12]. In order to better understand how
neighbourhood walkability influences residents’ weight
status, evidence from longitudinal studies is needed. Fur-
thermore, it is of interest to examine how a newly pro-
posed measure of walkability, space syntax walkability
(SSW), is associated prospectively with weight change.
The advantages of SSW compared with the conventional
4-component measure of walkability have been ex-
plained in details elsewhere [13]. Since SSW employs a
space syntax measure of integration, which is conceptu-
ally different from intersection density, SSW may be dif-
ferentially associated with weight gain than is the
conventional 4-component measure of walkability.
Using a prospective observational design, we examined
how conventional walkability and SSW and their individ-
ual components were each associated with weight
change over four years among Australian adults.
Methods
Data source and participants
Data were from the PLACE (Physical Activity in Local-
ities and Community Environments) study conducted in
Adelaide, Australia. The original aim of the PLACE
study was to examine associations of neighbourhood en-
vironmental attributes with physical activity. Detailed
methods of study design and sampling procedures have
been documented elsewhere [8]. Briefly, residential ad-
dresses were randomly selected from 154 Census Collec-
tion Districts (CCD, a geographical unit comprising of
about 250 households) within the city of Adelaide based
on walkability and area-level socioeconomic status. The
median size of the CCDs was 22 ha (interquartile range:
16 ha). In 2003–2004, a total of 2650 adults aged be-
tween 20 and 66 years old completed and returned the
baseline questionnaire. The response rate was 11.5% (as
a proportion of the households initially identified). The
low response rate was partly because of having house-
holds rather than individuals as the sampling units.
According to Census data [14], over 25% of selected
households might have been ineligible based on the age
criterion (20–65 years). But, due to the nature of the
sampling structure, such potentially-ineligible house-
holds were not removed from the mailing list. Therefore,
the actual response rate might have been around 35%,
which is within the appropriate response rate ranges for
mailing surveys in public health research [15]. The re-
turn rate for those who completed the postal survey, as
a proportion of those who were known to be contacted,
was 74.2%. Of these, 1098 completed the follow-up sur-
vey four years later (41.4% of the baseline participants).
The Behavioural and Social Sciences Ethics Committee
of the University of Queensland approved the study.
Measures
Outcome variable
The outcome variable was weight change over four
years calculated using self-reported weight at follow-
up adjusting for baseline weight, which is equivalent
to modelling weight change and controls for regres-
sion to the mean [16, 17].
Neighbourhood walkability
This study used two walkability indices: conventional 4-
component walkability and SSW. Conventional walkabil-
ity was calculated using geographic information systems
(GIS) for each CCD, as a composite measure consisting
of net residential density, intersection density, land use
mix, and net retail area ratio [18]. Net residential density
was calculated as the ratio of the number of dwelling
units to the land area for residential use within each
CCD. Intersection density was defined as the ratio of the
number of intersections to the area of a CCD. Land use
mix was as an entropy index describing the heterogen-
eity of five land uses (residential, commercial, recre-
ational, industrial, and other) within a CCD [19]. Net
retail area ratio was calculated as the ratio of the retail
floor space to the retail parcel area. All scores were stan-
dardized. SSW was calculated as a composite measure of
gross population density and street integration [13].
Gross population density was the ratio of the number of
residents to the land area of each CCD. Street integra-
tion was calculated using street centreline data and
Axwoman [20] and DepthMap [21]. Street integration
refers to how a street is connected to other streets
within the network. First, an integration score was calcu-
lated for each street segment considering all the other
streets within a 1 km distance from its centre. Then, for
each CCD, the mean street integration score was calcu-
lated for all street segments within the CCD. All scores
were standardized.
Socio-demographic variables
Participants reported their age, gender, educational at-
tainment, work status, marital status, having children in
the household, annual household income, and car own-
ership. Socioeconomic status (SES) of each CCD was
also identified using its median household weekly in-
come, and all CCDs were dichotomized into a lower or
higher SES category using the median.
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Statistical analysis
Linear marginal models using generalized estimating
equations with robust standard errors were fitted to
examine associations of two walkability indices and their
individual components with the weight at follow-up,
adjusting for baseline weight, socio-demographic vari-
ables, and the spatial clustering at the level of CCD.
Stata 14.0 (Stata Corp, College Station, Texas) was used
to conduct the analyses.
Results
The final study sample included 910 adults, after exclud-
ing those with missing data. Consistent with previous
studies [22, 23], we also removed those with extreme
weight change larger than 20 kg increase or decrease
(over 5 kg/year). The baseline weight for those who par-
ticipated in the follow-up, and those who dropped from
the follow-up were 74.9 kg and 75.0 kg, respectively.
Table 1 shows the characteristics of the sample at
baseline. The overall mean weight gain over 4 years was
1.5 kg, which is consistent with the reported weight in-
crease in Australia [24]. The correlation between con-
ventional walkability and SSW was 0.76 (p < 0.01).
Table 2 shows the results of the linear marginal models,
examining associations of two walkability indices with
weight change. None of the walkability indices were sig-
nificantly associated with weight change.
None of the associations with the six components of
walkability reached statistical significance (Table 3); the
strongest association was observed between street inte-
gration with weight gain: one standard deviation incre-
ment in street integration was associated with 0.31 kg
less weight gain (95% CI = − 0.66, 0.05, p = 0.09).
Discussion
This study examined associations of two walkability indi-
ces and their individual components with weight change
over four years among adults in Adelaide, Australia. Nei-
ther walkability indices nor their components were signifi-
cantly associated with weight change. This is consistent
with the afore-mentioned review in which the majority of
studies found no relationships between neighbourhood
walkability and weight-related measures [4].
A recent review found urban sprawl to be more con-
sistently associated with adults’ weight status, compared
with neighbourhood walkability [4]. These two con-
structs differ in terms of the scale at which measures are
derived. Walkability is often calculated within a small
local area, such as a 1 km buffer, which is approximately
3 km2 (in the case of a circular buffer). In contrast,
urban sprawl is a city-scale measure that covers an area
much larger than local neighbourhoods. For instance,
studies on urban sprawl and weight status were mostly
conducted in the U.S.A., and used “county sprawl index”
[25]. County is an administrative unit with the median
size of 1600 km2, which can encompass a whole city
[26]. A potential reason that obesity is associated with
urban sprawl but not with neighbourhood walkability is
that the latter may not detect routine behaviours such as
commuting and shopping that may influence weight
change. Given that about 60% of physical activity has
been reported to occur outside of a local area, which
was defined as within 800 m from home [27],
neighbourhood walkability may focus on an area too
small to capture behaviours relevant to residents’
obesity. A recent longitudinal study conducted in
Australia supports this argument: Sugiyama et al. found
Table 1 Sample characteristics at baseline (N = 910)
Variable Mean (SD) or N (%)
Age (years) 48.7 (10.3)
Gender
Women 556 (61.1%)
Education
Tertiary or higher 424 (46.6%)
Children in household
Yes 266 (29.2%)
Marital status
Single 326 (35.8%)
Couple 567 (62.3%)
Other 17 (1.9%)
Household income (AUD$ per annum)
< $20,800 167 (18.4%)
$20,800–41,599 222 (24.4%)
$41,600–77,999 310 (34.1%)
≥ $78,000 183 (20.1%)
Missing 28 (3.1%)
Car ownership
No car 57 (6.3%)
One car 350 (38.5%)
Two or more cars 503 (55.3%)
Weight at baseline (kg) 74.9 (15.9)
Weight change (kg) 1.5 (5.6)
Table 2 Prospective relationships of neighbourhood walkability
index and SSW with weight change (N = 910)
Coefficient (95% CI)
Neighbourhood walkability 0.01 (−0.42, 0.44)
SSW −0.19 (− 0.55, 0.16)
All models accounted for clustering at the CCD level and adjusted for age,
gender, educational attainment, work status, marital status, having children in
the household, annual household income, car ownership, neighbourhood SES,
and baseline weight. All exposure measures were standardized
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distance from city centre (but not neighbourhood
walkability) to be associated with waist circumference
increase over four years [28]. These authors argued that
a larger scale environment needs to be considered since
people’s time spent in cars for commuting and shopping,
which is known to be related to obesity [29], is to a large
extent dependent on where they live within a city [28].
The marginal association found for street integration in
this study may also indicate the relevance of a larger
scale environment to residents’ weight gain. A study
using household travel survey data shows that street
integration (measured at a local scale) is associated with
car use (typically used to go beyond the local area),
suggesting its capacity to predict behaviours that occur
outside of the local area [30]. Space syntax measures,
which are concerned with how a particular street is linked
to other streets, appear to be inherently linked to macro
characteristics of areas such as accessibility and
remoteness. Space syntax has been indeed used in several
studies to measure the level of sprawl [31, 32]. Further
research is needed to develop a new environmental
indicator that can better predict residents’ weight gain,
building on existing potential measures such as sprawl,
distance to city centre, and street integration.
This study has some limitations. Self-reported measure
of weight may be subject to recall error and bias. Walk-
ability indices and their components were calculated for
each CCD, which had different sizes. Environmental
measures, in particular intersection density, may be af-
fected by varied CCD size, as previous studies have
shown that intersection density tends to decrease as the
area size increases [33, 34]. Further studies using indi-
vidual buffers around each participant is required to
confirm the results of this study. This study did not con-
sider other locations, such as workplace, where people’s
habitual physical activity may also influence weight gain
over time. Future research could examine the impact of
the attributes of workplaces and surrounding environ-
ments on weight gain. The study was conducted in
Adelaide, thus the findings may be due to specific spatial
characteristics of the city. In particular, as shown in an
international study in which the same data from
Adelaide were used [35], the city appears to have small
variability in environmental attributes, which may have
contributed to the non-significant associations observed.
The study also did not consider food environment (ac-
cess to healthy/unhealthy food). In addition, a relatively
low response rate in the baseline and low retention rate
may introduce some bias.
Conclusions
In conclusion, this study suggests that research on obes-
ity and the built environment may need to consider not
just local environments but also a larger scale environ-
ment within a city or workplace environments in order
to capture multiple behaviours relevant to weight gain.
Research needs to develop such a new urban design
measure to help identify areas where residents are more
likely to have a greater risk of developing obesity.
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